Summary. Proline-14C was administered to five adult rhesus monkeys, and the degradation of collagen was followed by the excretion of hydroxyproline-14C. The results suggested the presence of at least three separate pools of collagen with half-lives of 1 to 2, 2 to 3, and 50 to 70 days. The monkeys were killed after 44 days; at that time the specific activity of the hydroxyproline-14C in urine was found to be four to five times that of the hydroxyproline in soluble collagen and 81 to 93% that of hydroxyproline in insoluble collagen. The relationships between urinary hydroxyproline and the degradation of collagen were similar to those previously demonstrated in rats.
Introduction
Hydroxyproline accounts for approximately 14% of the total amino acid content of collagen, and except for small amounts in elastin, no significant amounts of the amino acid are found in any other body protein. Recent studies have sub-* Submitted for publication June 30, 1966 ; accepted October 20, 1966. Supported in part by U. S. Public Health Service grants 06404 and FR-00107 from the National Institutes of Health and by Atomic Energy Commission contract AT(30-1)-3174. A preliminary report of this work has been presented (1) . stantiated earlier suggestions (2) that essentially all the hydroxyproline in animal tissues is synthesized by the hydroxylation of a proline-rich polypeptide precursor of collagen (3, 4) . These relationships suggest that the presence of hydroxyproline in tissues or biological fluids directly reflects the presence of collagen or of degradative products of collagen. Peptides containing hydroxyproline are normally excreted in the urine of animals and man (5) , and the amino acid composition of the urinary peptides (6) as well as the results of isotopic studies in rats (7, 8) suggests that the excretion of peptide hydroxyproline can be used to follow the degradation of collagen in vivo. Increases in hydroxyproline excretion have been observed in experimental and clinical conditions where the rate of collagen degradation is increased, and decreases in hydroxyproline ex-217 cretion have been seen in conditions where collagen degradation is decreased (for reviews see 9, 10) . About half of body collagen is found in bone, and some of the largest changes in hydroxyproline excretion have been seen in bone diseases (11) . Increased excretion of peptide hydroxyproline has been reported in some patients with hyperparathyroidism and also after administration of parathyroid hormone to man (11) (12) (13) (14) (15) (16) (17) . In several patients a decreased excretion of hydroxyproline has been observed after successful removal of parathyroid adenomata (14, 17) . The increased amounts of hydroxyproline that appear in urine after administration of parathyroid hormone probably originate from the resorption of bone collagen, but the mechanism of this effect is not clear, since the hydroxyproline peptides could arise from the degradation of recently synthesized forms of collagen, such as soluble collagen (18) , or they could originate from the degradation of more mature insoluble forms of collagen. In the present study, the effects of parathyroid hormone on bone collagen were examined by labeling the hydroxyproline-14C in collagen with proline-14C and then administering parathyroid hormone. Since the heavy body burden imposed by the administration of proline-14C limits the use of this technique in man, adult rhesus monkeys (AMacaca mulatta) were used for these experiments.
Methods
Five adult male captive rhesus monkeys (numbered I to V) were placed in individual air-conditioned cages designed for metabolic studies with radioactive isotopes. During a 5-week acclimatization period and the subsequent 6-week experimental period, the monkeys were fed a nutritionally adequate low hydroxyproline diet, which contained 6.6 g protein, 2 .0 g fat, 127 g carbohydrate, 136 mg calcium, 168 mg phosphorus, 8 .4 mg sodium, 50 mEq potassium, 14 mEq magnesium, and a total of 495 calories. On alternate days the diets were supplemented by 0.6 ml multivitamin drops,' and at all times distilled water intake was ad libitum. On the day of isotope administration each monkey was injected intravenously with 300 uc of uniformly labeled proline-'4C 2 (specific activity > 180 mc per mmole) in 1 ml of 0.9% NaCl. The urinary excretion of stable and radioactive proline and hydroxyproline was then followed for the subsequent 44 days. Urine was collected under toluene at 24-hour intervals in ice-cooled containers and assayed directly for proline (20) , hydroxyproline (21) , and hydroxyproline-'4C specific activity (22) . Because samples collected during the first 5 days after isotope administration contained large amounts of proline-14C, the hydroxyproline in these samples was separated from proline on a cation exchange resin column before assay (22) . Plasma samples were obtained at 4-to 5-day intervals, and total calcium was measured with a flame spectrophotometric technique (23) .
Twenty-seven days after the initial proline-14C injections, monkeys IV and V were given 200 U of commercial parathyroid extract 3 daily intramuscularly in two divided doses. The inj ections were continued in each monkey until the 44th day, and on the 44th day after the proline-'4C injection all the monkeys were sacrificed.
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Duplicate samples of 20 to 50 g shaved skin, femoral bone, and humeral bone were obtained. The skin was minced in small 2-mm segments with surgical razors, and the bone marrow was removed from the bones by curettage. The bone specimens were blotted, cut into 1-to 2-cm strips by hand with orthopedic bone cutters, and homogenized into bone powder with a mortar and pestle. The samples were then immediately placed in 5 vol of 0.14 M NaCl, and the soluble collagen fractions extracted on a rotary shaker at 40 C for 48 hours. After NaCl extraction, the samples were centrifuged at 30,000 X g for 2 hours, and the supernatant solutions were removed for assay of soluble collagen hydroxyproline-14C specific activity according to previously published techniques (22) . The residues were extracted three times with 5 vol of absolute ethanol and then with 5 vol of boiling ethanol: ether (1: 2) to remove the lipids. The insoluble collagen in the residues was solubilized as gelatin by adding 20 vol of distilled water and autoclaving at 1260 for 1 hour. Fractions of the gelatinized insoluble collagen were hydrolyzed with equal volumes of concentrated HCl at 1200 for 18 hours, evaporated to dryness, and assayed for hydroxyproline content (20) and for hydroxyproline-14C specific activity (22) . The counting efficiency for the liquid scintillation counter employed was 66%o, and the background was 21 cpm. In each instance observed counts per minute were converted to disintegrations per minute by reference to benzoic acid-14C standards (U. S. National Bureau of Standards). All reported values for hydroxyproline-14C were based on observed counts per minute, which were at least ten times the background of the counting system; assays of duplicate samples agreed with ± 5%o of the mean.
Results
Urinary hydroxyproline and effects of parathyroid extract (PTE). The mean urinary hydroxyproline values of 44 consecutive determinations in the control animals (monkeys I to III, Table I and of 26 consecutive determinations in the PTEtreated animals before therapy (monkeys IV and V, Table I ) ranged from 4.36 to 5.29 mg per 24 hours. Mean urinary proline excretion of the same specimens ranged between 8.07 and 9.81 mg per 24 hours. The average ratio of hydroxyproline to proline in urine in the control and PTEtreated monkeys before therapy ranged from 0.51 to 0.58 (Table I) . PTE administration to monkeys IV and V resulted in a 61 and 66% increase, respectively, in mean urinary hydroxyproline, and a 42 and 60% increase in mean urinary proline. There was no significant change in the ratio of hydroxyproline to proline in urine.
The cumulative 44-day excretion of 14C in the three control monkeys after the injection of proline-14C ranged from 1.56 to 1.89%o of the injected radioactivity. As indicated in Figure 1 for monkey I, one-third of the total 14C recovered in urine was excreted in the first day and about twothirds in the first 5 days. Proline-14C accounted for over 90% of the total 14C in the urine for the first 5 days, and the specific activity of the urinary proline-14C during this period decreased with a half-life of 1.2 to 2.0 days in the five monkeys. On the first day of PTE administration a prompt and sustained rise in total 14C excretion was observed in monkey IV. With this increase the cumulative 44-day 14C excretion increased to 2.1% of the injected dose (Figure 1) . A similar response was observed after administration of PTE to monkey V, and in this monkey the cumulative 14C excretion increased to 2.4%o. Figure 2 illustrates the range of urinary hydroxyproline-'4C excretion of control monkeys I to III and the daily values for urinary hydroxyproline-14C of monkeys IV and V during PTE administration. After the initial labeling of collagenous hydroxyproline, a gradual fall in hydroxyproline-'4C excretion was observed in the control animals for the first 25 days, but relatively constant excretion occurred thereafter. The hydroxyproline-14C excretion patterns of monkeys IV and V before PTE were similar to those of the control monkeys. PTE induced a prompt rise in the amount of hydroxyproline-14C excreted by monkeys IV and V that was sustained during the 2-week treatment period. The hydroxyproline-14C in urine increased from 0.24 to 0.29%o of the injected dose in control animals to 0.39 and 0.40% of the injected dose in PTE-treated animals.
In spite of the increase in the amount of hydroxyproline-14C excreted after administration of parathyroid hormone, there was no significant effect on the specific activity of the urinary hydroxyproline-14C (Table III) . The values of 0.85 and 0.87 dpm per MAg of the PTE-treated animals were well within the control range of 0.82 to 0.92 dpm per ,ug. Also, throughout the treatment period of days 27 to 44 the specific activity of urinary hydroxyproline-14C decreased at about the same rate as in control animals (Figure 3) .
Decay rates of urinary hydroxyproline-14C. Inspection of the semilogarithmic plot of the specific activities of the urinary hydroxyproline against time suggested that the curves could be resolved into a series of decreasing exponential functions, which might represent discrete hydroxyproline pools within the body (7). The 44-day urinary hydroxyproline specific activity data for the control monkeys I, II, and III were combined and a single composite curve was defined (Figure 4 ). Graphical analysis (7) of the composite urinary specific activity curves in terms of exponential components approximated the data analytically to a sum of three exponentials of the form: X1 = alle-clt + al2e-ast + al3e-a3t, [1] where X1 is the specific activity of the urinary hydroxyproline in per cent dose per milligram hydroxyproline; al, a12, and a,3 are the ordinate intercepts of the three exponential components (Fig-100 (8), the relationships among the specific activities of various collagen fractions a month or more after a single administration of proline-14C make it possible to calculate the fractional contribution of insoluble collagen to urinary hydroxyproline-14C if one assumes that all the radioactive precursors of the hydroxyproline-'4C in insoluble collagen have about the same specific activity as the hydroxyproline-14C in soluble collagen. When the observed values for the specific activity of hydroxyproline-14C in soluble collagen, insoluble collagen, and urine were substituted in the appropriate equations (8) , it was found that 80, 86, and 84% of urinary hydroxyproline-14C was derived from the degradation of insoluble collagen in control monkeys I, II, and III, respectively. Similarly, 76 and 85% of the hydroxyproline-14C excreted by PTE-treated monkeys IV and V during day 44 was derived from insoluble collagen.
Discussion
Collagen is ubiquitously distributed in the tissues of the body, and within each tissue it is present in a variety of forms that have different rates of synthesis and degradation. These circumstances complicate the use of hydroxyproline excretion as an index of collagen metabolism, but the relationship between collagen metabolism and hydroxyproline excretion can be examined in some detail with appropriate isotopic techniques. As shown by a number of investigators (see 18) , the soluble collagen that is extracted from tissues with cold 0.15 M NaCl is the first form of collagen labeled after a single injection of a radioactive amino acid, and it represents a relatively small pool of newly synthesized collagen molecules that are not cross-linked (24, 25) and that have a metabolic half-life of less than 12 hours. More concentrated electrolyte solutions extract small amounts of intermediate forms of collagen, which have somewhat longer half-lives and are partially cross-linked, but the bulk of body collagen is present in large stable pools of highly crossed-linked insoluble collagen with metabolic half-lives of about 50 days in young animals and 300 days or longer in adult animals (8, 20) . Because of these relationships, two assumptions can be made in the type of experiment conducted here. First, it can be assumed that most of the labeling of the hydroxyproline in collagen occurs within the first few days after a single administration of proline-14C. The validity of this assumption is supported by the rapid decrease in the specific activity of urinary proline-14C observed here as well as by studies in rats that demonstrated a rapid decrease in the specific activity of plasma proline-'4C (26) and soluble collagen (18) . Earlier experiments in rats (8) demonstrated that administration of large amounts of carrier proline 9 days after injection of proline-14C had no effect on the specific activity of urinary hydroxyproline-"4C. Secondly, because the newly synthesized forms of collagen rapidly lose most of their label, it can be assumed that a month or more after proline-14C is administered, most of the hydroxyproline-14C in the body is found in insoluble collagen and essentially all that in urine originates from the degradation of insoluble collagen. As demonstrated here and in earlier studies in rats (8) , the specific activity of soluble collagen in various tissues at this time is one-third to one-tenth the specific activity of insoluble collagen, and because over 90% of body collagen is insoluble, the labile forms of collagen cannot account for more than a small fraction of the hydroxyproline-'4C remaining in the animal.
As discussed previously (8), the procedures used for the extraction of the various tissues probably did not give a quantitative separation of soluble and insoluble collagen, but this technical difficulty does not significantly limit interpretation of the data, because it is only necessary to consider the specific activity of the labile and the stable pools of collagen, and under the conditions employed, the specific activity of the insoluble collagen pools would not be significantly affected by contamination with soluble collagen. It might also be noted that the difference observed in the specific activities of the soluble and insoluble collagen frac-tions indicates that the soluble collagen was not significantly contaminated by insoluble collagen, which may have been denatured during homogenization of the tissues.
The results presented here constitute the first application of this general approach to primates. One of the major findings is that the relationships between collagen and urinary hydroxyproline were similar to those previously demonstrated for the rat (8) . In both animals the changes in specific activity of urinary hydroxyproline-14C suggested the presence of at least three separate pools of collagen, but as discussed previously (8) the possibility of two or more than three pools has not been excluded. The half-lives of the three major components of urinary hydroxyproline-14C in rats varied with the ages of the animals, but in general they were similar to those observed here for five monkeys. For example, in young rats the half-lives for the three major components were about 1 day, 2 to 6 days, and 50 to 100 days. Of special interest was the similarity of the calculated values for the fractional contribution of insoluble collagen to urinary hydroxyproline. In two "young adult" rats (8), it was estimated that 57% and 70%c of the urinary hydroxyproline originated from the degradation of insoluble collagen; values of 80%o, 86%o, and 84%o were obtained for three control monkeys. The higher values obtained in the monkeys are probably explained by their older developmental ages, since the fractional contribution of insoluble collagen is larger in older animals (8, 10) . These results appear to establish the general applicability of these techniques, and they suggest that the relationships demonstrated in rats also hold for man. We are currently investigating the feasibility of performing similar experiments in human subjects.
The observations with parathyroid hormone help to define the major site of action of the hormone on collagen. As was previously observed in man (13, 15) , PTE increased the amount of hydroxyproline peptides in urine, indicating that the rate of collagen degradation was increased (10) . In monkeys that had been given proline-14C 1 month earlier, the amount of hydroxyproline-14C in urine also increased. Since insoluble collagen was the only possible source of hydroxyproline-14C of relatively high specific activity, the results indicate that parathyroid hormone directly or indirectly increased the degradation of insoluble collagen.4 Although some observations suggest that PTE may affect the rate of collagen synthesis (29) , several recent reports (30, 31) indicate that it increases the degradation of older forms of collagen in tissue cultures of bone.
The question of whether parathyroid hormone also increased the degradation of soluble collagen (11) was not fully resolved by the data. If parathyroid hormone affected only the degradation of insoluble collagen and if all the additional hydroxyproline in urine originated from insoluble collagen, the specific activity of the urinary hydroxyproline-14C should have increased. Calculations based on the data in Tables I and III indicate that this specific activity should have been 0.93 and 0.94 dpm per ug in monkeys IV. and V instead of the observed values of 0.85 and 0.87. Also, the calculated values for fractional contribution of insoluble collagen to urinary hydroxyproline should have been greater in the treated than in the control monkeys. The results suggest, therefore, that parathyroid hormone increased the degradation of both soluble and insoluble collagen. However, because the theoretically maximal change in urinary specific activity is small and only a limited number of observations were made, further studies are probably necessary to document fully the relative magnitude of the effect on the degradation of soluble collagen.
The results presented here do not in themselves establish that the effect of parathyroid hormone on collagen metabolism is limited to the collagen found in bone, even though studies by others make this a reasonable assumption. Investigators in two other laboratories (26, 32) have observed similar effects of parathyroid hormone on the excretion of hydroxyproline-14C in rats previously injected with proline-14C. 4 These effects of PTE on hydroxyproline excretion probably cannot be explained by any changes in renal clearance produced by the hormone. Peptides containing hydroxyproline are rapidly cleared by the kidneys under normal conditions (27) , and it has recently been demonstrated (28) that injection of PTE into the renal artery of dogs does not increase the excretion of hydroxyproline peptides until after the PTE has increased the resorption of bone.
